Tumors frequently contain mutations in the ras genes, resulting in the constitutive activation of the Ras-activated signaling pathway. The activation of Ras is involved not only in tumor progression but also in the development of resistance of the tumor cells to platinum-based chemotherapeutic agents. To investigate the potential mechanisms underlying this resistance, we analyzed the effect of activated H-Ras on the expression of the nucleotide excision repair genes. Here we identified ERCC1, which is one of the key enzymes involved in nucleotide excision repair, as being markedly up-regulated by the activated H-Ras. From promoter analysis of ERCC1, an increase in the Ap1 transcriptional activity as a result of the expression of the oncogenic H-Ras was found to be crucial for this induction. In addition, ERCC1 small interfering RNA expression was shown to reduce the oncogenic H-Ras-mediated increase in the DNA repair activity as well as to suppress the oncogenic H-Ras-mediated resistance of the cells to platinum-containing chemotherapeutic agents. These results suggest that the oncogenic H-Ras-induced ERCC1, which activates the DNA repair capacity, may be involved in the protection of the cells against platinum-based anticancer agents.
INTRODUCTION
Ras is a membrane-bound GTP/GDP-binding (G) protein that serves as a "molecular switch" converting the signals from the cell membrane to the nucleus (1) . Under normal conditions the action of Ras and other members of the Ras pathway are strictly regulated during the cell cycle and under different growth conditions (2) . In a tumor cell, the oncogenic activation of ras is a consequence of point mutations that either impair the GTPase activity or enhance the GTP binding affinity, resulting in a highly active proliferative signal (3) . In addition, it is possible that the downstream protein targets of that signal transduction pathway might be expressed abnormally. The ras mutations are found in a wide variety of human cancers, with the highest incidences observed in adenocarcinomas of the pancreases (90%), colon (50%), and lung (30%; Ref. 4) .
Activated Ras is involved not only in the oncogenic signal process but has also been suggested to be involved in the development of resistance of tumor cells to chemotherapy and ionizing radiation. For example, the transformation of NIH3T3 cells by activated ras has been shown in many cases to result in cell lines that are substantially more resistant to cisplatin than the parental cells (5, 6) . Several other groups using NIH3T3 cells (7) , rat rhabdomyosarcoma (8) , human epithelial HBL 100 cells (9) , human breast MCF-7 adenocarcinoma (10), and human HT 1080 fibrosarcoma (11) later confirmed this result independently. Although the molecular mechanisms of the oncogenic Ras-mediated resistance to platinum-based chemotherapy need to be elucidated, evidence suggests that the activated Ras may contribute to cisplatin resistance by stimulating the DNA repair activity (9, 12, 13) . Hence, there has been considerable interest in determining which proteins mediate the altered DNA repair capacity in activated Rascontaining cells. However, the downstream target genes of the oncogenic Ras, which are involved in the enhancement of the DNA repair activity, are unclear.
Cisplatin is one of the most effective and widely used anticancer drugs for treating human solid tumors (14) . However, its therapeutic efficacy has been limited by the emergence of tumor cell subpopulations with an intrinsic or treatment-induced resistance (15) . Therefore, elucidating the mechanisms involved in drug resistance is the key element in the development of new strategies for overcoming this phenomenon and improving the treatment outcome. Whereas several mechanisms of cisplatin resistance have been identified, increased DNA repair is an important contributing mechanism (16) . Cisplatin forms a broad spectrum of lesions including monoadducts, intra-, and interstrand cross-links in DNA, which inhibit DNA replication and/or transcription (17, 18) . This suggests that DNA is the cytotoxic target of cisplatin and its analogs. Nucleotide excision repair (NER) is the main repair system for eliminating bulky DNA lesions such as platinum/DNA adducts (19) . Enhanced DNA repair capacity has been implicated in the cisplatin resistant phenotype (9, 12) , whereas DNA repair-defective cells are reportedly hypersensitive to cisplatin (20 -22) . Therefore, cells that are resistant to these drugs either have the capacity to limit the formation of platinum/DNA adducts or, alternatively, they must be able to repair or tolerate these lesions once they are formed.
Our previous studies have shown that the expression of oncogenic H-Ras protects NIH3T3 cells from cisplatin-induced cytotoxicity and enhances the DNA repair capacity in response to cisplatin (13) . Therefore, in this study, expression level analysis of NER genes was performed using ponasterone A regulatable oncogenic H-Ras-expressing NIH3T3 and MCF-7 cells to identify the downstream target genes regulated by activated H-Ras, particularly those that might be also involved in the activation of the DNA repair capacity as well as cisplatin resistance. It was found that ERCC1, which is a mammalian DNA repair gene, of which the gene product has been shown to play a crucial role in the early excision step of damaged DNA by virtue of its intrinsic structurespecific nuclease activity (23, 24) , is the ultimate downstream target of oncogenic H-Ras and that the increased Ap1 transcriptional activity as a result of the oncogenic H-Ras expression has a profound positive impact on ERCC1 transcription. In addition, the transient transfection of the activated H-Ras expressing NIH3T3 and MCF-7 cells with ERCC1 small interfering RNA (siRNA) causes the cells to reduce oncogenic H-Ras-mediated increase in the DNA repair activity and to be highly sensitive to platinumbased drugs compared with mock-and control siRNA-transfected cells. These results provide strong evidence that ERCC1 can function directly as a survival effector in the activated H-Ras-containing cells exposed to platinum-based anticancer drugs.
The binding buffer contained 30 mM HEPES, 0.3 mM EDTA, 1.5 mM MgCl 2 , 0.2 mM DTT, 10% glycerol, 1 mM phenylsulfonyl fluoride, 1 mM aprotinin, and 1 mM leupeptin. The complexes were resolved using a 5% nondenaturing polyacrylamide gel in 0.5 ϫ TBE and electrophoresis at 200 V for 1 h. The gels were dried and exposed to X-ray film overnight at Ϫ70°C.
SiRNA. The sequences of 21-nucleotide sense and antisense RNA with a 2-nucleotide overhang composed of TT(DNA) were as follows: ERCC1-siRNA1, 5Ј-UAUGCCAUCU CACAGCCUCdTdT-3Ј (sense) and 5Ј-GAG-GCUGUGAGAUGGC AUAdTdT-3Ј for the ERCC1 gene (nucleotides 306 -326); ERCC1-siRNA2, 5Ј-GGAGCUGGCUAAGAUGUGUdTdT-3Ј (sense) and 5Ј-ACACAUCUUAGCCAGCU CCdTdT-3Ј (antisense) for the ERCC1 gene (nucleotides 668 -688); LacZ siRNA, 5Ј-CGUACGCGGAAUACUUCGAdTdT-3Ј (sense), 5Ј-AAUC GAAGUAUUCCGCGUA CGdTdT-3Ј (antisense) for the LacZ gene. These siRNAs were prepared by a transcriptionbased method using the Silencer siRNA construction kit (Ambion, Austin, TX) according to manufacturer's instructions. Cells were transfected with siRNA duplexes by using Oligofectamine (Invitrogen).
Real-Time Quantitative Reverse Transcription-PCR. Real-time quantitative RT-PCR was performed on the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA) by monitoring the increase of fluorescence by the binding of SYBR Green to double-stranded DNA. The reaction was run at the default setting program [95°C (15 s), 60°C (1 min), 40 cycles]. ERCC1-specific primers were as follows: forward primer 5Ј-GGC GAC GTA ATT CCC GAC TA-3Ј; reverse primer, 5Ј-AGT TCT TCC CCA GGC TCT GC-3Ј; and probe 5Ј-ACC ACA ACC TGC ACC CAG ACT ACA TCC A-3Ј). For quantification of gene expression changes, the ⌬⌬Ct method was used to calculate relative Ϫ fold changes normalized against the glyceraldehydes-3-phosphate dehydrogenase.
Chromatin Immunoprecipitation Assays. NIH3T3 clone-1 cells (1.2 ϫ 10 7 cells) were collected by low speed centrifugation and fixed with 1% formaldehyde. After 15 min, cells were washed with ice-cold Tris-buffered saline and lysed with 1 ml of a radioimmune precipitation assay buffer [10 mM Tris-HCl (pH 8.0), 140 mM NaCl, 0.025% NaN 3 , 1% Triton X-100, 0.1% SDS, and 1% deoxycholic acid). Chromatin was sheared by sonication to an average size of ϳ500 bp. The chromatin solution was diluted with 2 volumes of 1% NP40, 350 ml NaCl, and incubated overnight at 4°C with 2 g of the anti-c-Jun, anti-c-Fos antibodies or antimouse IgG and then by precipitating the immunocomplexes with protein A-agarose, which was also pretreated with sheared DNA salmon sperm. Input and immunoprecipitated chromatin were incubated overnight at 65°C. After proteinase K digestion, DNA was extracted with phenol-chloroform, precipitated with ethanol-precipitated, allowed to air dry, and then dissolved in 20 l of sterile H 2 O. Five l of the DNA samples were then subjected to amplification by using the primers (5Ј-GGACTC-CGGGGCTGAGTCA-3Ј, sense; 5Ј-TCCTGTGCGAGTCCG-3Ј, antisense), which amplified the promoter region of the human ERCC1 (from Ϫ535 to Ϫ341 respective to the transcription start).
RESULTS
Oncogenic H-Ras Increases DNA Repair Activity. To identify the potential oncogenic H-Ras target genes that might be involved in this DNA repair activity, the effect of oncogenic H-Ras on the DNA repair capacity was initially re-evaluated in the NIH3T3 cells. Therefore, the dominant-active V12-H-Ras was subcloned into the vector pIND and form pIND-Ras to control the generation of oncogenic H-Ras within these cells. Following transfection and double selection using G418 (selection for pIND-Ras) and zeocin (selection for pVg-RXR) for 5 weeks, nine clones were isolated, and the oncogenic H-Ras expression that was able to be turned on or off was analyzed using ponasterone A. Western blot analysis revealed that a treatment of the NIH3T3 clone-1 with ponasterone A for 24 h resulted in the efficient induction of oncogenic H-Ras expression in a dose-dependent manner (Fig. 1A) . To examine the effect of oncogenic H-Ras on the DNA repair capacity, host cell reactivation of luciferase activity, which reflects the capacity of the cells to repair plasmids damaged by cisplatin treatment, was used. It was found that the treatment of NIH3T3 clone-1 cells with 1 M and 5 M ponasterone A resulted in an increase in host cell reactivation in a dose-dependent manner and that this increase in host cell reactivation could be completely inhibited by the transfection of dominant-negative N17-H-Ras (Fig. 1B) .
To confirm the above observations, we wanted to determine the effect of oncogenic H-Ras on the removal of the cisplatin/DNA adduct in cells. It has been shown that cisplatin induces a broad spectrum of platinum/DNA adducts including inter-and intrastrand cross-links in DNA, which are subjected to repair by the NER pathway (19) . Therefore, the removal of the cisplatin/DNA adduct in cells was measured specifically using atomic absorption spectrophotometer assays. NIH3T3 clone-1 cells were treated with 5 M ponasterone A for 0 -24 h, after which cells were incubated with 10 M cisplatin for 3 h and then maintained in culture for various times to allow for repair. As shown in Fig. 1C , the repair of the cisplatin/DNA adduct was significantly increased in the oncogenic H-Ras-expressing cells. After 6-h incubation in drug-free medium, the oncogenic H-Rasexpressing NIH3T3 clone-1 cells had removed 2.5 times more adducts than the control cells. By 12 h of incubation in the drug-free medium, the oncogenic H-Ras-expressing cells had removed almost all of the cisplatin/DNA adducts, whereas control cells had removed only ϳ43% of the adducts. This suggests that oncogenic H-Ras contributes to the increase in DNA repair activity in NIH3T3 cells.
Induction of the ERCC1 by Oncogenic H-Ras. In mammalian cells, NER is initiated by six core factors, XPA, RPA, XPC-HR23B, XPG, ERCC1-XPF, and the TFIIH complex, which are essential for damage recognition and dual incision (26) . To identify the potential oncogenic H-Ras transcriptional target genes that might be involved in the oncogenic H-Ras-induced DNA repair capacity, we isolated two different mRNA populations, one from the NIH3T3, NIH3T3 clone-1, or the NIH3T3 clone-3 cells, and the other from the same cells generating the oncogenic H-Ras after the treatment with 1 and 5 M ponasterone A for 24 h. By real-time quantitative reverse transcriptase-PCR (reverse transcription-PCR) with the specific primers for XPA, RPA, XPC, XPG, ERCC1, XPF, XPB, and XPD (components of TFIIH complex), we evaluated the mRNA level of six core factors in the presence or absence of ponasterone A and found that the level of ERCC1 mRNA increased as the concentration of ponasterone A was increased ( Fig. 2A) . However, the other NER gene expression levels were unaffected by the treatment with ponasterone A (data not shown). The ERCC1 mRNA level in the parental cell line, NIH3T3, remained unchanged after the treatment with ponasterone A. Experiments using shorter induction times (2 h or 6 h) also failed to produce any significant increase in the ERCC1 mRNA levels (data not shown). Western blot analysis was performed to determine whether the increase in the ERCC1 mRNA level corresponds to an increase in the ERCC1 protein level (Fig. 2B ). SDS-PAGE was used to separate the whole-cell extracts of the protein from the untreated cells, as well as the protein from two independent cells generating oncogenic H-Ras after the treatment with 1 M or 5 M ponasterone A. Western blot analysis with the ERCC1 antibody revealed that the ERCC1 protein increased in the two independent NIH3T3 clones in response to ponasterone A. These results demonstrate that ERCC1 is up-regulated via oncogenic H-Ras.
Oncogenic H-Ras Increases ERCC1 Promoter Activity Through Ap1-Binding Sites. The above results suggest that oncogenic H-Ras induces ERCC1 transcription. Therefore, the relationship between oncogenic H-Ras generation and ERCC1 expression was next analyzed using a reporter gene construct containing a 960-bp sequence of the 5Ј-flanking region of the ERCC1 promoter (ERCC1-960). In transient-transfection assays using the NIH3T3 clone-1 cells, the generation of H-Ras after the treatment with ponasterone A resulted in an increased activity of the ERCC1 promoter (Fig. 3A) . The greatest induction occurred after the treatment with 5 M ponasterone A (7.3 Ϯ 1.1-fold increase relative to the background expression level; P Ͻ 0.01). In the control experiment, the parental (untransfected) NIH3T3 cells Fig. 1 . Oncogenic H-Ras-dependent increase in the DNA repair activity. A, the NIH3T3 clone-1 cells were grown in the presence or absence (indicated concentration) of ponasterone A for 24 h. Western blot experiments were performed with the antibody to Ras and an antibody to ␣-tubulin as a control for an equal loading. B, NIH3T3 clone-1 cells were cotransfected with the cisplatin-treated pGL3-Luc reporter plasmid, together with the dominant-negative N17-H-Ras-expressing plasmid (pN17-Ras) or the empty expressing plasmid (pcDNA3). Each transfection also included the Renilla luciferase plasmid (pRL-CMV), which was used to normalize the transfection efficiency. The cells were then treated with or without (indicated concentration) ponasterone A for 24 h, and the cell extracts were prepared for the luciferase activity. The values are represented as a mean from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. C, the NIH3T3 clone-1 cells were treated with 5 M ponasterone A for 24 h. The cells were then treated with 10 M cisplatin for 3 h and postincubated with a drug-free medium for the indicated times. The level of cisplatin adduct removal was measured using an atomic spectrophotometer. The values are represented as a mean from four separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. treated with ponasterone A showed no induction of ERCC1 promoter activity. To determine the region within the ERCC1 promoter responsible for the transcriptionally active effect of oncogenic H-Ras, a series of 5Ј-deletion constructs of ERCC1-960 were made with progressively smaller fragments of the 5Ј-flanking sequence, and these constructs were cloned into the pGL3-Basic vector and tested for promoter activity in the NIH3T3 clone-1 cells in the presence or absence of 5 M ponasterone A. A deletion of the 5Ј end of the ERCC1-960 construct to provide segments Ϫ818/30, Ϫ724/30, Ϫ616/30, and Ϫ537/30 were still highly induced by ponasterone A. However, when the deletion was extended to produce segment Ϫ413/30, a 42 Ϯ 6% decrease in the ponasterone A-induced promoter activity was observed. An additional deletion of the 5Ј end to provide segment Ϫ315/30 resulted in a 85 Ϯ 7% decrease in the ponasterone A-induced promoter activity (Fig. 3B ). This indicates that the region between Ϫ537 and Ϫ315 contains the important controlling elements essential for the responsiveness of the ERCC1 promoter to oncogenic H-Ras expression.
We used MatInspector software program 4 to search for the transcription factor binding sites (27) and found that segment Ϫ537/Ϫ315 contains several putative Ras-responsive transcription factor binding sites, including two Ap1 motifs (proximal Ap1 motif, TGAGTCA: position Ϫ523 to Ϫ517; distal Ap1 motif, TGTGTCA: Ϫ368 and Ϫ362) and an Ets1 motif (AGGAA, Ϫ330 to Ϫ326; Fig. 4A ). To investigate that it is indeed these sites that participate in the oncogenic H-Ras-mediated induction of ERCC1, we constructed a variety of mutants of the ERCC1 promoter reporters, wherein the proximal Ap1, distal Ap1, and Ets1 sites were mutated in different combinations by PCR-based mutagenesis. A mutation in the Ets1-binding site (mEts1) led to only 15 Ϯ 4% reduction in the activation of the ERCC1 promoter after the ponasterone A treatment. However, a mutation in either the proximal Ap1(mP-Ap1) or distal Ap1 (mD-Ap1) binding site was shown to significantly affect the activation of the ERCC1 promoter caused by H-Ras expression, and the inductions of these reporters were reduced by 39 Ϯ 7% and 44 Ϯ 9%, respectively (Fig.  4B) . Double mutations in the proximal and distal Ap1 motifs (mP&D-Ap1) resulted in the marked suppression of the ponasterone A-mediated increase in ERCC1 promoter activity (76 Ϯ 7% decrease by luciferase analysis). Therefore, the presence of these two Ap1 elements was important for the oncogenic H-Ras-mediated activation of the ERCC1 promoter in NIH3T3 cells. As the ERCC1 promoter analysis suggested, the involvement of the proximal and distal Ap1 binding sites in the oncogenic H-Ras-mediated induction of the ERCC1 promoter activity, an electrophoretic mobility-shift assay, using oligonucleotides containing the ERCC1-specific proximal and distal Ap1 binding sites, was used to investigate the possibility that oncogenic H-Ras has a positive regulatory function in the binding of Ap1 to DNA. It was found that the activated H-Ras, which was generated by treating the NIH3T3 clone-1 cells with ponasterone A, significantly increased the proximal and distal Ap1 DNA-binding activity in a dose-dependent manner (Fig. 4C) .
The Ap-1 transcription factors are complexes of DNA-binding proteins made up of homodimers of the Jun family members or heterodimers of the Jun and Fos family members (28) . To provide evidence of a direct interaction of c-Jun and c-Fos to these Ap1 binding sites of the ERCC1 promoter under the conditions of oncogenic H-Ras expression in vivo, the most simple and direct approach was to treat cells with ponasterone A and then perform the chromatin immunoprecipitation assays. Therefore, the NIH3T3 clone-1 cells, which were transfected with the ERCC1-537 promoter fragment, were treated with 5 M ponasterone A for 24 h, and the cells were then cross-linked, as described under "Materials and Methods," and protein-DNA complexes were immunoprecipitated with either anti-cJun or anti-c-Fos antibodies. The covalent linkage was reversed, and the precipitated double-stranded DNA was amplified by PCR using the binding-specific primers (Fig. 5A) . The chromatin immunoprecipitation assay demonstrated that c-Jun and c-Fos protein bind in vivo to the ERCC1 promoter. Indeed, the DNA precipitated by anti-c-Jun antibody and anti-c-Fos antibody contains the Ϫ536 to Ϫ341 sequence of the ERCC1 promoter (Fig. 5B) . Importantly, the amount of promoter sequence precipitated by the antibodies increased remarkably after treatment of cells by ponasterone A. The binding was specific, because the negative controls using the samples in which the nonspecific antibody (antimouse IgG) was used did not show a signal. These results of the chromatin immunoprecipitation assays clearly confirmed the in vitro studies, demonstrating that the interaction of 4 Internet address: http://www.genomatix.de. c-Jun and c-Fos with the Ap1-binding sites residing in the Ϫ537 and Ϫ315 of the ERCC1 promoter is important for the oncogenic H-Rasinduced transcription of ERCC1 in NIH3T3 cells.
Down-Regulation of ERCC1 Suppresses the Oncogenic H-RasInduced DNA Repair Capacity. To determine whether ERCC1 is involved in the oncogenic H-Ras-mediated increase in the DNA repair capacity, siRNAs in the form of two independent, nonoverlapping, 21-bp RNA duplexes that target ERCC1 were used in an attempt to inhibit its expression. The oncogenic H-Ras expressing NIH3T3 cells were transfected with the mock, control siRNA oligonucleotide, or the ERCC1-specific siRNA oligonucleotides. The cells were harvested 48 h after transfection, and their protein expression levels were determined (Fig. 6A) . Western blot analysis revealed that the ERCC1-specific siRNA oligonucleotide levels decreased by Ͼ80% in terms of their overall ERCC1 protein expression level compared with the mock or control siRNA-transfected cells. By 96-h after transfection, the ERCC1 protein levels had increased back to the levels comparable with the mock-and control siRNA-transfected cells (data not shown). Fig. 3 . Oncogenic H-Ras-dependent increases in the ERCC1 promoter activity. A, the NIH3T3 and NIH3T3 clone-1 cells were cotransfected with the ERCC1 promoter-reporter plasmid (ERCC1-960) and the internal control plasmid pRL-CMV and treated with or without (the indicated concentration) ponasterone A for 24 h. The luciferase activities were then measured. The graph shows the luciferase activity (relative to that in the cells transfected with pGL3-basic) in the cells treated with or without ponasterone A. The values are represented as a mean from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. B, NIH3T3 clone-1 cells were transfected with the indicated plasmids, i.e., the ERCC1-960, ERCC1-818, ERCC1-724, ERCC1-616, ERCC1-537, ERCC1-413, ERCC1-315, and ERCC1-119 promoter-reporter constructs containing positions Ϫ960 to ϩ30, Ϫ818 to ϩ30, Ϫ724 to ϩ30, Ϫ616 to ϩ30, Ϫ537 to ϩ30, Ϫ413 to ϩ30, Ϫ315 to ϩ30, and Ϫ119 to ϩ30 of the ERCC1 promoter, respectively. Each transfection also included the Renilla luciferase plasmid (pRL-CMV). The graph shows the luciferase activity (relative to that in the cells transfected with pGL3-Basic) in the cells treated with or without 5 M ponasterone A. The values represent the means from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. Fig. 4 . Oncogenic H-Ras-triggered increase in the DNA binding activity of Ap1 to the ERCC1 promoter. A, ERCC1-537 promoter has two putative Ap1 binding sites and one putative Ets1 binding site. The underlined GT in Ap1 and GA in Ets1 were mutated to AA (mP-Ap1 and mD-Ap1) and CC (m-Ets), respectively. B, the ERCC1-537 reporter constructs containing the indicated mutations, in the proximal Ap1 site (mP-Ap1), in the distal Ap1 site (mD-Ap1), in the proximal and distal Ap1 sites (mP&D-Ap1), or in the Ets1 site (mEts1) were transfected together with pRL-CMV into the NIH3T3 clone-1 cells. The cells were then treated with or without 5 M ponasterone A for 24 h, and the luciferase activities were measured. The graph shows the luciferase activity (relative to that in the cells transfected with pGL3-Basic) in the cells treated with or without 5 M ponasterone A. The values represent the means from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. C, electrophoretic mobility-shift assays were performed using a radio-labeled probe from the ERCC1 promoter region containing the proximal or distal Ap1 sites and the nuclear extracts from the ponasterone A-treated or untreated (Ϫ) NIH3T3 clone-1 cells. The DNA repair capacity after ERCC1-siRNA transfection was next examined, and it was found that the oncogenic H-Ras-expressing cells with the reduced levels of ERCC1 had significantly lower levels of host cell reactivation when compared with the mock-or control siRNA-transfected cells (Fig. 6B ). To additionally verify the effect of ERCC1 on the DNA repair activity, the removal of the cisplatin/DNA adducts in the mock-, control siRNA-, and ERCC1 siRNA-transfected NIH3T3 clone-1 cells in the presence of ponasterone A was measured. As shown in Fig. 6C , the oncogenic H-Ras-expressing cells with reduced levels of ERCC1 exhibited a significant decrease in the repair of the cisplatin/DNA adduct. By 6 h of incubation in a drug-free medium, the mock and control siRNA-treated cells had removed Ͼ80% cisplatin/DNA adducts, whereas the ERCC1 siRNA-transfected cells exhibited a defect in the repair of the cisplatin/DNA adduct, with only 31-34% of the lesions repaired by 6 h after the cisplatin treatment and 44 -49% of the lesions repaired by 12 h after the cisplatin treatment (Fig. 6C ). These findings demonstrate that ERCC1 expression is essential for the oncogenic H-Ras-mediated increase in the DNA repair activity.
ERCC1 Plays an Essential Role in Oncogenic H-Ras-Mediated Cell Survival against Platinum-Based Agents. To determine whether this increase in ERCC1 expression contributes to the cisplatin resistance in oncogenic H-Ras-transfected cells, the oncogenic H-Rasexpressing cells were transfected with the mock, control siRNA oligonucleotides, or ERCC1-specific siRNA oligonucleotides. At 24 h after transfection, the cells were treated with various doses of cisplatin for 1 h, and the cellular sensitivity was determined by a clonogenic survival assay. Those cells treated with the ERCC1 siRNA oligonucleotides exhibited hypersensitivity to the lethal effects of cisplatin when compared with the mock or control siRNA-transfected cells (Fig. 7A ). In the control experiments, NIH3T3 clone-1 cells in the absence of ponasterone A showed similar poor levels of protection. In another series of experiments, the response of ERCC1-inhibited cells Fig. 6 . Requirement of ERCC1 for the oncogenic H-Ras-mediated increase in the DNA repair activity in NIH3T3 cells. A, the mock-, control small interfering (si)RNA-, or ERCC1 siRNAs-transfected cells were incubated with 5 M ponasterone A. After transfection (48 h), the total cell extracts were analyzed by Western blotting using the anti-ERCC1 antibody. For the control experiment to have an equal loading, the membranes were reprobed with the anti-␣-tubulin antibody. B, the mock-, control siRNA-, or ERCC1 siRNAs-treated cells were incubated with 5 M ponasterone A (Pon A) for 24 h. The cells were then transfected with 500, 700, or 1000 nM cisplatin-treated pGL3-Luc reporter plasmid. Twenty four h after transfection, the cell extracts were prepared for the luciferase activity. The values represent the means from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. C, the mock-, control siRNA-, or ERCC1 siRNA-transfected cells were incubated with 5 M ponasterone A (pon A) for 24 h. The cells were then treated with 10 M cisplatin for 3 h and postincubated with drug-free medium for the indicated times. The level of cisplatin adduct removal was measured using an atomic spectrophotometer. The values represent the means from four separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01. to other platinum-based anticancer agents, such as oxaliplatin and carboplatin, was examined and it was found that the transfection of the oncogenic H-Ras-expressing cells with ERCC1-specific siRNA also reduced the viability response to these anticancer agents compared with the mock-and control siRNA-transfected cells (Fig. 7, B and C) .
To additionally investigate if the oncogenic H-Ras-mediated protection against platinum-based chemotherapeutic agents, resulting from ERCC1 expression, can occur in cancer cells, human breast carcinoma MCF-7 cells were used to determine whether ERCC1 expression is a determining factor in the ability of oncogenic H-Ras to regulate the resistance of cancer cells to platinum-based drugs. Therefore, a pIND-Ras construct was transfected into the MCF-7 cells. After double selection using G418 and zeocin for 5 weeks, five clones were isolated, and the oncogenic H-Ras expression, which could be turned on or off using ponasterone A, was analyzed. As shown in Fig.  8A , treatment of ponasterone A enhanced H-Ras expression. In addition, oncogenic H-Ras-expressing MCF-7 clone-2 cells exhibited high ERCC1 expression levels, as well as resistance to cisplatin and oxaliplatin, and these protective effects were almost abolished after transfecting the cells with the ERCC1-specific siRNA oligonucleotides (Fig. 8B) .
DISCUSSION
The accumulated evidence suggests that activated Ras plays an important role in the development of resistance of tumor cells to cisplatin-based chemotherapy. However, the molecular mechanisms underlying this effect are unclear. This study found that activated H-Ras increases the DNA repair capacity in response to cisplatin. In addition, it was demonstrated that oncogenic H-Ras could induce ERCC1 and that the enhanced interaction of c-Jun and c-Fos with the Ap1 motifs caused by oncogenic H-Ras was important for the ERCC1 induction. Furthermore, ERCC1 induction was essential for the on- cogenic H-Ras-mediated resistance cells to platinum-based chemotherapeutic agents.
Several lines of evidence have suggested recently that activated Ras may be associated with the regulation of the DNA repair activity. For example, transformations by an activated Ras of the human epithelial HBL 100 cells resulted in less formation of cisplatin-induced interstrand cross-links as well as an increase in the DNA repair synthesis (9) . Similarly, oncogenic Ras-transfected Syrian hamster OsakaKanazawa cells exhibited an increased resistance to cisplatin as well as a decrease in the intracellular platinum binding to DNA (29) . In addition, the expression of the erbB-2 proto-oncogene, which encodes a 185 kDa transmembrane glycoprotein (p185) with a tyrosine kinase activity homologous to the epidermal growth factor receptor, led to the direct regulation of the DNA repair mechanism, and the Rascoupled pathway is important for modulating the DNA repair induced by erbB-2 (30) . Using the host cell reactivation of the reporter gene expression from the cisplatin-damaged plasmid and the unscheduled DNA synthesis after the cisplatin treatment of the cells, we demonstrated previously that activated H-Ras expression in NIH3T3 cells increased the DNA repair activity (13) .
To address the question as to what kind of DNA repair protein might be involved in the oncogenic H-Ras-mediated increase in the DNA repair activity, we analyzed the effect of activated H-Ras overexpression on the expression of NER genes. NER is a versatile DNA repair mechanism that removes a wide variety of lesions, such as UV-induced lesions and platinum/DNA adducts (19) . The principal steps in the NER reaction mechanism are: (a) recognition and demarcation; (b) chromatin-remodeling; (c) endonuclease-mediated incision at both sides of the lesion and the removal of the damaged oligonucleotides; and (d) repair DNA synthesis and ligation. In human cells, the minimum set of components involved in performing this reaction compromises the replication protein A, XPA, XPC-HR23B, XPG, ERCC1-XPF, TFIIH, the replication factor C, proliferating cell nuclear antigen, DNA polymerase ␦ or ⑀, and DNA ligase I (26) . The results showed that treating the NIH3T3 clone-1 and clone-3 cells with ponasterone A leads to a dose-dependent increase in the ERCC1 mRNA and ERCC1 protein expression levels (Fig. 2) , and two Ap-1 motifs appear to be critically important in the oncogenic H-Rasmediated increase in ERCC1 transcription (Fig. 4) . Ap1 is the class of transcription factors that are believed to act as a nuclear target for Ras activation (28) . A recent report suggested that Ap1 transactivation is important for inducing ERCC1 in response to cisplatin and phorbol ester (31) (32) (33) . Moreover, we showed previously that an oncogenic H-Ras enhanced DNA repair capacity was required, at least in part, for an increase in ROS production (13) . Because Ap-1 acts as a redox-sensitive transcription factor in several cell types (34) and is also activated by either the Ras/extracellular signal-regulated kinase or Ras/c-Jun NH 2 -terminal kinase signal transduction process (35, 36) , these studies are consistent with our data in that Ap1 is a key positive regulator of ERCC1 transcription in activated H-Ras-expressing cells.
Previous studies have shown that the expression of c-Jun and c-Fos has been implicated in the enhancement of DNA repair activity. Treatment of human ovarian cancer cells with cisplatin induces expression of the c-Fos, as well as a number of genes involved in DNA repair (37) , and a dominant-negative c-Jun reduces the repair of the cisplatin adducts (38) . In addition, ERCC1 mRNA expression has been shown recently to be reduced by the down-regulation of c-Jun expression after the treatment with herbimycin A or by expression of TAM-67, which is a known inhibitor of the c-Jun function (39) . Similarly, cisplatin-resistant cells exhibited higher levels of c-Jun and c-Fos, and the down-regulation of c-Jun and c-Fos expression sensitizes the cells to cisplatin (40, 41) . Moreover, the cells derived from c-Jun knockout mice are more resistant to cisplatin toxicity than normal cells (42) . The present finding, that the induced binding of c-Jun and c-Fos to the Ap1 motifs is important for the oncogenic H-Ras-induced transcription of the ERCC1 gene (Fig. 5 ), is consistent with previous studies that indicated that ERCC1 is a downstream target gene of oncogenic H-Ras, and this increased ERCC1 may be involved in the oncogenic H-Ras-mediated increase in the DNA repair capacity.
The cytotoxic effect of the platinum-based anticancer drugs has been attributed to the formation of bulky platinum-DNA adducts (17, 18) . The removal of these adducts from the genomic DNA are repaired primarily by the NER (19, 43) . Cisplatin resistance appears to be associated with the increased removal of the cisplatin-DNA adducts and the interstrand crosslinks (9, 12) in addition to the enhancement of the host cell reactivation (44) . This suggests that NER is a major mechanism of cisplatin resistance (16) . ERCC1 is known to play a key role in NER, because ERCC1 defect cells exhibit the most severe DNA repair-deficient phenotype (20) . ERCC1 forms a heterodimer with XPF, and the ERCC1/XPF complex is responsible for the incision to cleave the damaged strand at the phosphodiester bonds between the 22 and 24 nucleotides 5Ј to the lesion (45) . According to the literature, the increase in ERCC1 expression is likely to cause the observed cisplatin resistance phenotype. Indeed, accumulating evidence from a series of biochemical and clinical experiments demonstrated that the level of ERCC1 is important for the repair of the platinum/DNA adducts and for the response to cisplatin-based chemotherapy. Mice with a deletion of the gene for ERCC1 are hypersensitive to cisplatin due to their decreased ability to repair the cisplatin/ DNA adducts (46) , and Chinese hamster ovary deficient in the ERCC1 protein (ERCC1Ϫ/Ϫ) transfected with human ERCC1 exhibited a 5-fold higher resistance than ERCC1Ϫ/Ϫ cells (20) . In addition, high tumor tissue levels of ERCC1 mRNA in human ovarian and gastric cancer patients have been associated with the clinical resistance to platinum-based agents (47, 48) , whereas low mRNA levels are associated with the clinical sensitivity. Similarly, expressing antisense ERCC1 showed a decreased DNA repair capacity of cisplatin resistance ovarian cancer cells and increased their sensitivity to cisplatin (49) . Moreover, several studies reported recently a significant association between ERCC1 expression and the clinical outcomes for cisplatin-based chemotherapy (50, 51) . This suggests that ERCC1 expression might contribute to the oncogenic H-Ras-mediated increase in DNA repair activity and cell viability in response to cisplatin-based chemotherapeutic agents. In the present study, we found that the ERCC1-targeted siRNA oligonucleotides caused an inhibition of the activated H-Ras-induced DNA repair activity and a reduction of the activated H-Ras-mediated increase in the viability response to platinum-based anticancer agents (Figs. 6 and 8 ). Therefore, it is concluded that oncogenic H-Ras-mediated up-regulation of ERCC1 is involved in the resistance of the platinum-based anticancer agents when oncogenic H-Ras is expressed.
In summary, ERCC1 expression is essential for the oncogenic H-Ras-mediated increase in the capacity of the cancer cells to initiate DNA repair and to afford protection against cisplatin, oxaliplatin, and carboplatin, which are platinum-based chemotherapeutic agents that are widely used for treating human solid tumors. Therefore, the up-regulation of ERCC1 induced by Ras activation may offer a selective advantage to tumor cells when they are exposed to platinumbased drugs. Although platinum-based chemotherapeutic agents are highly effective at treating many types of cancer, an acquired or intrinsic resistance of the cells to the drug limits their therapeutic efficacy (15) . Because an oncogenic Ras mutation occurs in 30% of all human cancers (4), the inhibition of ERCC1 may provide a novel [CANCER RESEARCH 64, 8484, November 15, 2004] Corrections Fig. 8 . Effect of small interfering (si)RNA-mediated ERCC1 depletion on the resistance to the platinum-based agents of MCF-7 cells conferred by the expression of oncogenic H-Ras. A, the mock-, control small interfering (si)RNA-, or ERCC1 siRNAtransfected MCF-7 clone-2 cells were treated with or without (None) 5 M ponasterone A and harvested 24 h later. Immunoblots were performed with the antibodies to Ras, ERCC1, and ␣-tubulin, and ␣-tubulin expression level was used as the control experiment with an equal protein loading. B, the mock-, control siRNA-, or ERCC1 siRNA-transfected MCF-7 clone-2 cells were incubated with or without (None) 5 M ponasterone A (Pon A) for 24 h. Subsequently, the cells were treated with either 40 M cisplatin or 10 M oxaliplatin for 1 h, and the cell viability was then determined by a clonogenic survival assay. The values represent the means from six separate experiments; bars, ϮSD. ‫ءء‬ denotes P Ͻ 0.01.
Growth Promoting Signaling by Tenascin-C
In the article on growth promoting signaling by tenascin-C in the October 15, 2004 issue of Cancer Research (1), there is an error in the running title. The correct running title is Growth Promoting Signaling by Tenascin-C.
